The purpose of this experimental research is to clarify both the aspect-ratio effect and the Reynolds-number effect, especially for the flow of cross-flow impellers with shorter axes. Particle-image-velocimetry (PIV) technique and a hot-wire anemometer are used for measurements of flow velocity. The impeller rotates without any casings. The authors study two kinds of the impellers, that is, one with forward-cambered blades and the other with radial-flat blades. As a result, observing eccentric-vortex revolution by using hot-wire measurements and flow visualisations, the flow can be classified into three modes. According to this classification, the authors show flow-regime maps for both impellers. Using PIV results, the authors define outflow rate Q from the impeller. Outflow-rate coefficient C Q is independent of the Reynolds number for both impellers. For the radial-flat-blade impeller, C Q is not affected by aspect ratio L/D 2 . But, for the forward-cambered-blade impeller, C Q increases with L/D 2 . 
Introduction
According to Eck (1973) (1) , the cross-flow impeller, or the cross-flow fan, was invented by Mortier in 1892, and it had been used as a fan for ventilation of mines in those days. However, it had disappeared immediately, because of its low efficiency and the development of other various fans. After Eck discovered an inside re-circulating area, which is called as the eccentric vortex, by conventional flow visualisation inside the cross-flow impeller, the research on the cross-flow impeller has started to develop remarkably.
Until now, many experimental and analytical researches have been reported (for example, see Refs. (2) - (7)). But, most of them are related with long-span crossflow impellers due to their practical advantage of twodimensional flow. Here, 'long-span' means that aspect ratio L/D 2 > ∼ 1. On the other hand, researches of a thin cross-flow impeller which has a short axis of L/D 2 1 have not yet been reported, in spite of recent requirements in micro electronical packaging and so on.
The purpose of this research is to clarify the characteristics of the flow around a thin cross-flow impeller. In order to eliminate complicated factors that influence on the characteristics, the impeller rotates without any casings, namely, in open space from the two-dimensional point of view, as well as Yamafuji (3) , (4) . As we will see later, the impeller without any casings is one of the simplest cross-flow impellers, and the best for basic researches. In general, cross-flow impellers have some complicated casings, so it is difficult to estimate their fundamental characteristics. The authors try to investigate the flow experimentally using a hot-wire anemometer and particleimage-velocimetry (PIV) technique. In future, the authors expect the industrial possibilities of thin cross-flow impellers. In addition, concerning the eccentric-vortex revolution phenomenon which will be shown in the present study, the phenomenon not only is interesting due to its strong non-linearity with flow separation and very different time scales, but also involves practical engineering potentials such as the smart control of the air-conditioner's flow direction.
Experimental Methods

1 Experimental apparatus
The experimental apparatus is shown in Fig. 1 . The working fluid is air. A cross-flow impeller is installed between square transparent acrylic plates, with a side length of 1 m. Two flat nozzles, which can distribute smoke in wide area only near the test plane, are installed outside the top and bottom of the test section, in order to inject minute particles of olive oil, which are used as the tracers into the measurement area.
2 Impeller
Tested models are two types of impellers, that is, a forward-cambered-blade impeller and a radial-flat-blade impeller. The former has the most common type of blades for cross-flow impellers. And the latter is selected as the best reference of the former, due to its simplicity. All models are cantilevered by a driven axis, which is linked to an electric motor. Impellers are made of transparent acrylic plates, in order to observe the flow inside the impeller. More specifically, the impeller consists of many transparent blades, one transparent end disc and one black-painted end disc. Here, the end disc's surface coincides with the A forward-cambered-blade impeller is shown in Fig. 2 . The detailed dimensions of the impeller are shown in Table 1 . These dimensions are in the optimum ranges for practical-fan design. Typical non-dimensional geometrical parameters are as follows: inner-to-outer diameter ratio D 1 /D 2 = 0.76, aspect ratio L/D 2 = 0.10, 0.20, 0.30 and 0.50.
A radial-flat-blade impeller is shown in Fig. 3 . The detailed dimensions of the impeller are shown in Table 2 . Typical non-dimensional geometrical parameters are as 
Here, u 2 is impeller's outer-periphery velocity, and b is blade-chord length.
3 Test section and coordinate system
As shown in Fig. 4 , test section is on the mid-plane perpendicular to the rotation axis, namely, the impeller's centre. Concerning the two dimensionality of flow, we should pay some attentions. As the present study is the first fundamental study for the fan with low aspect ratios, in the following section we will show basic characteristics on dominant frequencies of velocity fluctuation, flow patterns and flow rates. In general, the dominant frequency is less affected by the spatial position for observation. On the other hand, while we should consider complicated span-wise variations depending upon aspect ratio, Reynolds number, the probe position and so on in the flow pattern's and the flow rate's discussion, we have restricted The coordinate system adopted in this research is a cylindrical-coordinate one, where the origin O is the impeller's centre on the mid-span plane.
4 Hot-wire anemometer
In order to know dominant frequencies of flow velocity fluctuations, we conducted hot-wire-anemometer measurements. A hot-wire probe was put on the position of r/D 2 = 0.60 on the mid-span plane. Here, we confirmed that results are the same as those for r/D 2 = 0.5 -1. The hot wire is made from a tungsten wire of 5 µm in diameter and 2 mm in length. Considering the dominant flowvelocity direction near the impeller, that is, small velocities in the axial direction, we put the hot wire parallel to the impeller axis.
5 PIV system
Particle-image-velocimetry (PIV) system was used for the observation of a whole velocity field. Figure 5 shows a sketch of the present PIV system. This system is composed of the following: (1) double pulse YAG laser as a light source, and (2) laser power supply, (3) high resolution CCD camera (KODAK MODEL C-1000S) as an input device, (4) personal computer as a controller and storage device. (5) 6-jets atomizer (TSI MODEL 9306), which is driven by (6) compressor, with (7) tracer buffer tank is used to make minute particles of olive oil as tracers. The tracer smoke is previously introduced into the vicinity of (8) impeller, whose speed is controlled by (9) personal computer. The diameter of smoke particles is in order of 10 −6 m, and the Stokes number is 10 −3 -10 −2 . Then, traceability of the present particles is adequate. About the YAG laser, its power is 20 mJ, and its duration time is 6 -8 ns.
About the CCD camera, the number of pixels in one frame is 1 024×1 024, and the frame rate is 300 µs between a pair of frames. Figure 6 shows an example of visualised flows. In this paper, the rotational direction of the impeller is always clockwise. We sometimes observed the eccentric vortex for the forward-cambered-blade impeller, as well as the radial-flat-blade impeller. But, in some cases, we did not observe any eccentric vortex (for the definition of the eccentric vortex, see section 3.4 and Table 3 ). Note that we hardly recognise the flow such as a schematic diagram in Fig. 6 , directly from a still photo. But using PIV technique, we will see the flow clearly (for example, in Figs. 13 -16 ).
Results and Discussion
1 Eccentric vortex
3. 2 Hot-wire signal's periodicity -forwardcambered-blade impeller - Figure 7 shows examples of velocity fluctuations for the forward-cambered-blade impeller, using a hot-wire anemometer. More specifically, the fluctuation is the absolute value, composed of the radial and circumferential components. The circumferential position of the probe is not specified, because the position influences no effect on results. We can see that there exists a periodicity with a much longer time scale than impeller rotation, needless to say, than blade passing. Velocity fluctuation involves two dominant periodicities, that is, short-term and long- term ones. Short-term periodicity is related with blade passing. With flow visualisation, we confirmed that the long-term periodicity is caused by the revolution, or the whirling, of the eccentric vortex about the impeller centre with constant revolution speed in the clockwise direction. The revolution period is about 10 2 times as long as impeller-rotation period.
In Fig. 8 , we summarise the vortex-revolution speed against the Reynolds number Re, for L/D 2 = 0.20, 0.30 and 0.50, and at Re = 1 000 -3 500. The vortex-revolution speed is normalised as f v /n, where f v is the frequency of the vortex revolution and n is the impeller-rotation speed. isymmetric for L/D 2 = 0.10, and that we cannot observe constant-speed revolution at Re ≤ 500. So, in such situations, there are no corresponding dominant frequencies in velocity fluctuations. As will be shown in Fig. 10 , we can observe an asymptotic trend as well. Figure 9 shows examples of velocity fluctuations for the radial-flat-blade impeller, using a hot-wire anemometer. Again, we can see long-term periodicity, as well as Fig. 7 . But, it is not easy to confirm the revolution of the eccentric vortex, when we conduct flow visualisations (also, see Fig. 15 ). Because the centre of the eccentric vortex is close to the impeller's centre.
3 Hot-wire signal's periodicity -radial-flatblade impeller -
In Fig. 10 , we summarise the long-term periodicity on hot-wire signals against the Reynolds number Re, for L/D 2 = 0.20, 0.30 and 0.50, and at Re = 1 500 -4 500. The long-term periodicity is normalised as f v /n, as well as For symbols, see Table 3 Fig. 12 Flow-regime map (radial-flat-blade impeller). For symbols, see Table 3 Fig 
4 Flow-regime maps
Now, we classify the flow into three modes, based on hot-wire measurements and flow visualisations. Definitions of three modes are given as Table 3 , together with the definition of the eccentric vortex. Here, note that non-axisymmetric flow is not always the eccentric-vortex flow. According to this classification, we can get two flow-regime maps; one for the forward-cambered-blade impeller in Fig. 11 , and the other for the radial-flat-blade impeller in Fig. 12 , respectively. Here, although there are no plots at Re < 1 000 in Fig. 12 , we confirmed that all observed flows are in the mode III for several values of L/D 2 at Re = 500 -1 000. From both figures, we can see the same trend that the eccentric-vortex revolution becomes stable, in other words, the eccentric vortex the impeller's centre, steadily revolves about at higher Re and higher L/D 2 ; and vice versa. Moreover, it should be possible to consider that the blade-type effect such as the blade's forward inclination or camber makes the revolution stable. Figures 13 and 14 show the velocity vectors of the forward-cambered-blade impeller, at Re = 1 500 and 2 500, respectively. In each figure, the eccentric vortex revolves steadily at a constant speed. As the rates of the high-speed video camera are much higher than the impeller's rotation speed, we can observe the inside flow as well as the outside flow at an arbitrary instant. The flows shown in the figures are on the mid-span plane. Here, all velocities are normalised as u/u 2 . The maximum value of u/u 2 is about 2 at Re = 500 -3 000.
5 Velocity vectors by PIV
We can see larger velocities near the outflow area on the impeller periphery. Outflow velocities tend to become larger with increasing L/D 2 . As the eccentric vortex is intrinsically two dimensional phenomenon, the above tendency seems natural. In general, for lower L/D 2 , twodimensionality is weakened and flow varies in the axial direction, owing to the existence of end walls. In addition, the centre position (symbol+in the figure) of the eccentric vortex seems to approach from the impeller centre to the When we compare Figs. 14 and 15, we can see the difference between blade types. The forward-camberedblade impeller induces stronger and more eccentric flow, than the radial-flat-blade one. As shown later, the mean flow rate of the forward-cambered-blade impeller is larger than the radial-flat-blade one, corresponding the above strength and eccentricity. This is also distinguishing forward-inclination and/or cambered effects. Now, if we remember that cross-flow impellers are intrinsically accompanied by flow separation, the effects seem natural, as flow separation is sensitive to blade's inclination and camber.
3. 6 Outflow rate Figure 17 shows flow rate Q plotted against impellerrotation speed n, for the forward-cambered-blade impeller. The figure is non-dimentionalised using flow rate coefficient defined by C Q ≡ Q/(πD 2 u 2 ). Here, Q is outflow rate per unit impeller span, which is obtained by a circuit integral of only outflow velocity (excluding inflow velocity) on the outer impeller periphery. We can see that C Q is almost constant against Re. This corresponds to that Q increases monotonously with increasing n at each L/D 2 . Specifically speaking, Comparing Figs. 17 and 18, we can see the difference between blade types, namely, the inclination and/or cambered effects of blades. Concretely speaking, C Q for the forward-cambered-blade impeller is almost twice as large as that for the radial-flat-blade one.
In Fig. 19 , we summarise the results of Fig. 17 . In increasing L/D 2 (see Fig. 20 ). Although these tendencies are considered to be able to explained as the impeller's end effect, further works such as spanwise-distribution measurements are required for more precise understanding.
Conclusions
The authors investigated forward-cambered-blade impellers of L/D 2 = 0.20, 0.30 and 0.50 at Re = 500 -3 500, and radial-flat-blade impellers of L/D 2 = 0.20, 0.30 and 0.50 at Re = 1 000 -4 500. Results are as follows.
( 1 ) Considering long-term periodicity on hot-wire signals together with flow-visualisation observation, we can classify the flow into three modes. Then, according to this classification, we get flow-regime maps for both impellers.
( 2 ) Using PIV results, the authors defined outflow rate Q from the impeller. Outflow-rate coefficient C Q is independent of Re for both impellers. For the radialflat-blade impeller, C Q is not affected by aspect ratio L/D 2 . But, for the forward-cambered-blade impeller, C Q increases with L/D 2 .
